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ABSTRACT Small leucine-rich proteoglycans (SLRPs)
regulate extracellular matrix organization, a process
essential in development, tissue repair, and metastasis.
In vivo interactions of biglycan and fibromodulin, two
SLRPs highly expressed in tendons and bones, were
investigated by generating biglycan/fibromodulin dou-
ble-deficient mice. Here we show that collagen fibrils in
tendons from mice deficient in biglycan and/or fibro-
modulin are structurally and mechanically altered re-
sulting in unstable joints. As a result, the mice develop
successively and progressively 1) gait impairment, 2)
ectopic tendon ossification, and 3) severe premature
osteoarthritis. Forced use of the joints increases ectopic
ossification and osteoarthritis in the double-deficient
mice, further indicating that structurally weak tendons
cause the phenotype. The study shows that mutations in
SLRPs may predispose to osteoarthritis and offers a
valuable and unique animal model for spontaneous
osteoarthritis characterized by early onset and a rapid
progression of the disease—Ameye, L., Aria, D.,
Jepsen, K., Oldberg, A., Xu, T., Young, M. F. Abnormal
collagen fibrils in tendons of biglycan/fibromodulin-
deficient mice lead to gait impairment, ectopic ossifi-
cation, and osteoarthritis. FASEB J. 16, 673—-680 (2002)
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OSTEOARTHRITIS (A HETEROGENEOUS group of condi-
tions characterized by a defective integrity of articular
cartilage) is a major cause of disability in humans and
one of the most frequent musculoskeletal disorders.
More than 80% of individuals over 55 have radio-
graphic evidence of osteoarthritis, 30% of whom will
have significant pain or disability, costing billions of
dollars in health care annually (1). The existence of
genetic risk factors in osteoarthritis is well established,
though only a few predisposing genes have been iden-
tified (2).

The family of small leucine-rich proteoglycans
(SLRPs) currently comprises 11 members. They are
characterized by an extracellular localization and a
core protein containing a leucine-rich repeat motif (3).
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SLRPs are involved in cell metabolism via binding to
growth factors and in matrix organization via binding
to various collagens (4-8). Three SLRP knockout mice
deficient in fibromodulin (fm), lumican, or decorin
develop abnormal collagen fibrils (7, 9, 10). These
collagen abnormalities are associated with corneal
opacity in lumican-deficient mice and with skin fragility
in decorin-deficient mice (9, 10). Two SLRPs—bigly-
can (bgn) and fm—are coexpressed in tendon, carti-
lage, and bone (11-13). We looked for in vivo interac-
tions between these two proteoglycans by generating
bgn/fm double-deficient mice.

MATERIALS AND METHODS
Generation of bgn and fm single and double-deficient mice

All experiments were performed under an institutionally
approved protocol for the use of animals in research
(#NIDCR-IRP-98-058 and 01-151). Mice deficient in bgn or
fm were generated by gene targeting in embryonic stem cells
as described previously (7, 14). Heterozygous bgn/fm-defi-
cient mice were produced by breeding a homozygous bgn-
deficient female (bgn™ /" /fm*/*) with an fm-deficient male
(bgn™/?” /fm~’~; bgn males are designed as bgn ’° since the
bgn gene is located on the X chromosome and absent
from the Y chromosome). F2 b;n/fm double-deficient (male
bgn "%/ fm /" and female bgn /" /fm /") mice were obtained
by interbreeding F1 heterozygous bgn/fm mice.

Genotyping

All mice were genotyped for bgn and fm by PCR analysis. The
PCR for bgn was performed as described by Chen et al. (15).
To identify the normal and targeted fm alleles, three primers
were used: a forward primer corresponding to the 5" end of
exon two (5'CCCAGGGCCAGTATGATGAAGACT3'), a re-
verse primer corresponding to the 3’ end of exon two
(5'GTTGCGGTTGTCACAGTACATGGCS'), and a second re-
verse primer corresponding to a sequence within the PGK
promoter (5'CTTTACGGTATCGCCGCTCCCGATTCGC3')
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of the fm targeted allele. PCR parameters for fin were the same
as for bgn, except the PCR buffer contained 2.0 mM MgCl
instead of 1.5 mM. PCR products were resolved by electro-
phoresis through 1.8% agarose gels, yielding bands of 212 bp
for wild-type (wt) bgn allele, 310 bp for targeted bgn allele, 280
bp for wt fm allele, and 603 bp for targeted fm allele.

Radiographic analysis

Three- and 9-month-old whole animals and their dissected
front and hind limbs were analyzed by X-ray with a Faxitron
MS-20 specimen radiography system for 90 s at 30 kV using
X-OMAT TL Kodak diagnostic films. The semiquantitative
scoring systems used to measured the extent of ectopic
ossification are described in Fig. 2. The semiquantitative
scoring system based on radiographs used to assess the
severity of osteoarthritis was the following. A score of 0
corresponded to a healthy joint (joint space well maintained,
no evidence of osteophyte formation, no subchondral sclero-
sis, no cysts), a score of 1 depicted a moderately affected joint
(moderate joint space narrowing, presence of osteophytes, no
or minimal subchondral sclerosis, no cysts), and a score of 2
corresponded to a severely affected joint (severe narrowing or
complete loss of joint space, osteophytes, moderate to severe
sclerosis, cysts in some cases).

Histology and electron microscopy analysis

Whole legs were processed for histology as described by
Bianco et al. (11). Some legs were processed undecalcified
and embedded in methylmethacrylate. Ten micrometer sec-
tions were stained with Giemsa and von Kossa. The proximal
parts of the quadriceps tendons were processed for transmis-
sion electron microscopy as described by Rheinholt et al.
(16). The histology-based, semiquantitative scoring system for
osteoarthritis consisted of the following. We assigned a score
ranging from 0 to 2 for each quadrant of the knee. A score of
0 represented an intact articular cartilage, a score of 1 was
given to an articular cartilage surface showing fibrillation and
a score of 2 was given to an eroded articular cartilage.

Tread-mill running regimen

Three wt and three bgn/fm double-deficient mice were
subjected at 1 month of age to daily running on a 1055M-D40
Exer 6M open treadmill (Columbus Instruments, Columbus,
OH). Mice ran 6 meters/min for 30 min once a day, 5 days a
week. After 1 month, we killed the animals by CO,, inhalation.
As controls, we used three wt and three double-deficient
age-matched mice that were not forced to run. We radio-
graphed the legs before processing for histology.

Biomechanical analysis

Tendons stiffness was determined from monotonic failure
tests. Flexor digitorum longus (FDL) tendons were loaded by
clamping the ends of the tendon between sandpaper-covered
plates. They were preconditioned to constant stiffness and
energy loss (hysteresis), then loaded to failure at 1%/s.
Patella tendons were loaded by clamping the patella and
quadriceps tendon between sandpaper-covered plates. The
tibia was embedded in epoxy up to the distal insertion site
within a brass tube. Patella tendons were loaded to failure at
0.1 mm/s using a custom-built loading device. Mechanical
tests were conducted at room temperature using a servohy-
draulic materials testing system (Instron, Canton, MA). Stiff-
ness was calculated from a linear regression of the load-
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deformation curve. Cross-sectional areas of the tendons were
determined under transmitted light microscopy, using public
domain image analysis software (Scion Corp., Frederick,
MD), after fixation of the contralateral limbs in 10% neutral
buffered formalin and embedding in poly-methylmethacry-
late.

Statistical analysis

The radiographic semiquantitative scores and the fibril diam-
eters were analyzed by one-way ANOVA and Fisher post hoc
test. In the running experiment, the scores were compared
with a Mann-Whitney test. Biomechanical data were com-
pared using a ¢ test with Welch’s correction for unequal
variances. P < 0.05 was considered statistically significant.

RESULTS

Bgn/fm double-deficient mice display gait
impairment

The bgn/fm double-deficient mice were obtained with
the expected Mendelian frequency. Males and females
were both fertile. They did not exhibit any gross
anatomical abnormalities at any age but were smaller
than the wt or either single mutant. At 1, 3, 6, and 9
months, male and female double mutants weighed less
than the wt or either single mutant (P<<0.05, Fig. 3A).
A smaller, generally not statistically significant, weight
difference existed between single mutants and wt for
both sexes at all times tested (Fig. 3A).

Behavioral observations revealed an abnormal gait
characterized by decreased flexibility of knee and ankle
joints (i.e., dragging leg) only in double-deficient mice
(see Fig. 1A). The dragging was transient and could
occur on and off on the right or left side. The abnormal
gait was apparent at weaning (3 wk). It persisted until
the end of the experiments (9 months), did not appear
to progress, and never prevented mice from moving in
the cages.

Bgn/fm double-deficient mice develop ectopic
tendon ossification subsequent to gait impairment

Radiographs of 3-month-old mice revealed ectopic ra-
dio-dense areas in the Achilles tendon and/or in the
patellar and quadriceps tendons of the knee in all three
populations of mutant mice (Fig. 1B, C). The radio-
dense areas in knee and ankle joints were larger and/or
more numerous in double mutants than in either single
mutant. If these relatively large radio-dense areas were
also present in l-month-old double mutants who al-
ready exhibit gait impairment, they could be sufficient
to account for abnormal gait. However, radio-dense
areas were either undetectable or barely visible. (When
scored by the semiquantitative criteria described below,
radio-dense areas in these mice always received the
smallest scores: 0 or 1.) Thus, the cause of the gait
impairment must be something else. With increasing
age, other joints (elbow, wrist, and hip) began to
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Figure 1. Phenotype of bgn/fm double-deficient mice at 1
(A),3 (D, E, G), 6 (B, C, F, H, 1), and 9 months ()). A) Gait
impairment characterized by dragging hind limbs while walk-
ing (arrow). B-FE) Ectopic ossification of tendons. B) X-ray
from a WT hind limb. C) X-ray from a double mutant hind
limb. The arrows identify radio-dense areas corresponding to
ectopic bone formation around the patella and ankle (ar-
rows). D) Von Kossa-stained sagittal section of a hind limb
from a double mutant. Note the large ectopic bone (arrow) F:
femur. P: patella. E) Enlargement of the boxed area in panel
D. Early stage in the development of an ectopic bone within
the quadriceps tendon. Mineral is stained black. /) Hematox-
ylin and eosin-stained sagittal section of a WI mouse knee.
Note smooth surfaces of the articular cartilages vs. panels G,
H. G-I) Progressive osteoarthritis in the double mutant knees
(H&E-stained sagittal sections). G) Fibrillation of articular
cartilage (arrow). H) Erosion (detachment) of articular car-
tilage from the bone (arrow). I) Complete erosion (eburna-
tion) of the articular cartilages in the femur and tibia (upper
and lower bones, respectively). /) Cyst (arrow) in the bone
marrow cavity of the tibia.

display radio-dense areas in the double mutants but not
in either single mutant. Histological examination re-
vealed that the ectopic radio-dense areas in tendons
were bones (Fig. 1D). These ectopic bones developed
by differentiation of ectopic fibrocartilage, which ossi-
fied with age (Fig. 1E). Serum analyses did not detect
any significant differences in the levels of bicarbonate,
calcium, and phosphorus between wt and any of the
mutants (data not shown), indicating that the stimulus
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leading to ectopic ossification had a local origin and
did not arise from a general metabolic imbalance.

To describe and compare the ectopic ossification
revealed on different radiographs, we devised semi-
quantitative criteria for classifying the extent of ossifi-
cation in the knee and ankle into four categories (see
Fig. 2A, B). We scored only males because males were
affected more than females (data not shown) and so
presented greater differences. We calculated the aver-
age scores for 3- and 9-month-old animals (Fig. 3B, C).
Usually (but not always) the severity of the ossification
increased significantly with age, even in the wt, and
varied in a genotype-specific manner for the knee and
ankle. The absence of bgn or fm in the single mutants
had joint-specific and age-specific effects. For example,
in 3-month-old knees, bgn deficiency caused significant
ectopic ossification that did not significantly increase
with age. In contrast, fm-deficient knees were not
dramatically different from wt knees at either 3 or 9
months. The opposite was true for ankles: fm deficiency
caused significant ectopic growth in 3-month-old ani-
mals that did not become more severe by 9 months,
whereas bgn-deficient ankles were not significantly dif-
ferent from wt at either age. Since bgn and fm single
deficiencies had different effects on tendon ossification
in the knee and ankle, bgn and fm must have specific
expression patterns and/or functions in these tissues.
The effect of the double deficiency on ectopic ossifica-
tion in knees and ankles was dramatic: it was signifi-
cantly greater and occurred much earlier. That is, the
simultaneous absence of bgn and fm produced a syn-
ergistic effect (instead of an expected additive effect)
on the extent of ectopic ossification in knees and
ankles. This was particularly evident in the ankle at 3
months. Because bgn-deficient ankles were not very
different from wt, one might have expected the ossifi-
cation score of the double-deficient ankles to be similar
to the score of the fm-deficient ankles. Instead, the
ossification score of the double-deficient ankles was
significantly higher. Observations of such synergistic
effects in double mutants suggest that compensatory
mechanisms exist in single mutants.

Bgn/fm double-deficient mice develop severe
premature osteoarthritis

Histological observations detected osteoarthritis-like le-
sions in the knee joints of double mutants at 3 months,
when the mice already displayed gait impairment and
significant ectopic ossification of their patellar, quadri-
ceps, and Achilles tendons. These osteoarthritic lesions,
which were never detected at 1 month, led in some
cases to a complete erosion of the articular cartilage by
6 months. Both single mutants also developed similar
degenerative joint disease, but with a delayed onset. By
comparison, surfaces of the tibial and femoral articular
cartilage of even the oldest wt animals examined (9
months) were smooth and even (Fig. 1F). The disease
progressed as follows. Articular cartilage degeneration
first appeared on the tibial plateau and was only
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Figure 2. Examples of scoring criteria used to
semiquantitate the amount of ectopic ossifica-
tion in the knee and ankle joints. A score
ranging from 0 to 3 was assigned independently
to knees (A) and ankles (B) from each animal
based on the extent of ectopic radio-dense
areas observed on radiographs. A score of 0
indicated the absence of any detectable ectopic
radio-dense area. A score of 1 indicated in the
knee the presence of one or two small ectopic
areas and, in the ankle, a barely visible ectopic
area. A score of 2 indicated in the knee three or
more small ectopic radio-dense areas or the
presence of a single ectopic area with a size
similar to the size of the patella and, in the
ankle, the occurrence of an easily visible ectopic
area. A score of 3 corresponded in the knee and
ankle to extensive ectopic radio-dense areas.
Arrows point to typical ectopic radio-dense
area; arrowheads point to physiological bones
of the knee joint.

somewhat delayed on the femoral plateau. Articular
cartilages on medial and lateral sides of the joint were
affected. The initial degeneration was characterized by
one or several clefts in the articular cartilage (fibrilla-
tion) (Fig. 1G). Subsequently, pieces of articular carti-
lage detached and were found in the joint cavity (Fig.
1H). Finally, the entire cartilage layer disappeared,
leaving the joint bones unprotected and rubbing di-
rectly against each other (eburnation) (Fig. 1/). The
subchondral bone became sclerotic under the area of
erosion before sclerotic bone filled the whole epiphysis.
None of the diseased joints at any time showed evi-
dence of a proliferation reaction or tendency toward
regeneration in the articular cartilage. However, osteo-
phytes developed on the tibia and femur surfaces.
Although none of the joints showed evidence of inflam-
mation, we observed extensive metaplasia in the menis-
cus and synovial tissue. In some cases, cysts developed
in the marrow of the epiphysis of the head of the tibia
(Fig. 1)). In some of the most severely afflicted speci-
mens, condyles of the femur were subluxated dorsal to
the head of the tibia. The patella was often displaced
and, similar to the disease in humans, clusters of
chondrocytes were present in the femoral articular
cartilage facing the patella. Under a dissecting micro-
scope, we also noticed early signs of articular cartilage
surface degeneration on the medial side of the proxi-
mal head of the femur in 9-month-old double mutants.

To compare the mice, we designed a semiquantita-
tive scoring system based on radiographs similar to that
used to evaluate osteoarthritis in humans (see Materials
and Methods). We calculated average scores for each
population of 3- and 9-month-old male mice (Fig. 3D).
Although a statistically significant level of osteoarthritis
developed by 3 months in the absence of bgn, the
3-month-old fm-deficient mice were not significantly
different from wt. Double mutants were significantly
more affected than the wt and single mutants at 3 and
9 months.
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Figure 3. Average weight at 1, 3, and 6 months (A) and
average semiquantitative scores for ectopic ossification in
knees (B), ankles (C), and for osteoarthritis in knees (D) at 3
and 9 months in wt, fm-deficient, bgn-deficient, and bgn/fm
double-deficient mice. *P < 0.05 vs. wt, **P < 0.01 vs. wt,
TP < 0.05 vs. fm-deficient mice, 1P < 0.01 vs. fm-deficient
mice, A: P < 0.05 vs. bgn-deficient mice, AA: P < 0.01 vs.
bgn-deficient mice. The absence of error bars on some
columns indicates that all mice/joints had identical scores.
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Figure 4. Collagen fibrils in quadriceps tendon at 3 months in
wt, bgn-deficient, fm-deficient, and bgn/fm double-deficient
mice. Transmission electron microscopic pictures of cross
sections of collagen fibrils (left panels) and size distributions
of collagen fibril diameters (right panels). Bar 200 nm.

Collagen fibrils in tendons of bgn/fm
double-deficient mice are smaller and
have abnormal morphology

Because the stimulus leading to tendon ectopic ossifi-
cation appeared to be local (see above), we decided to
perform an electron microscopic analysis of the colla-
gen fibrils in the quadriceps tendon. Compared with wt
fibrils, which are rounded, shapes of the collagen fibrils
were more irregular in the three mutants (Fig. 4). A
quantitative analysis of fibril diameters demonstrated
statistically significant changes in range, mean, and
distribution profiles among the different genotypes
(Fig. 4 and Table 1). On average, the fibrils in each
mutant were smaller than wt fibrils (P<<0.05). The
absence of bgn alone resulted in a narrower range of
fibril diameters due to the absence of large fibrils
(>190 nm) and to a more uniform diameter distribu-
tion. In contrast, the absence of fm alone did not affect
the fibril diameter range, but resulted in a population
dominated by small fibrils (<80 nm). The simulta-
neous absence of bgn and fm resulted in even more
dramatic changes, with an increased number of very
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small fibrils (<40 nm). Different from the situation
observed in the quadriceps tendon, the collagen fibrils
in the articular cartilage of the fm-deficient mice were
not different from those observed in the wt cartilage
(data not shown). This suggests that, at least in the case
of the fm mutant, the osteoarthritis does not result
from a collagen defect in the articular cartilage.

Tendons in bgn/fm double-deficient mice are
mechanically compromised

To test whether the structural changes observed in the
tendons were correlated with altered biomechanical
properties, we compared the stiffness of the patellar
and FDL tendons in the wt and double mutants at 1
month, before the tendons begin to ossify. Whole
tendon stiffness was significantly lower in double mu-
tants relative to the wt for patella (3.38+0.92 N/mm vs.
7.78+1.85 N/mm, P<0.001) and FDL tendons
(4.93£1.23 N/mm vs. 10.67=2.11 N/mm, P<0.001).
We normalized the stiffness results by the cross-sec-
tional area of each tendon to determine if the differ-
ences in tendon stiffness were not simply a scaling
artifact due to the smaller size of the double mutants.
FDL tendons of the double mutants mice exhibited a
20% smaller stiffness/area ratio than the wt (50.1+x15.5
N/mm?® vs. 62.5+15.8 N/mm3, P<0.2) whereas the
patella tendons had a 45% smaller stiffness/area ratio
(17.3£7.3 N/mm3 vs. 31.6+5.3 N/mm3, P<0.006).
These results indicated that tendons from 1-month-old
bgn/fm double-deficient mice were less stiff than wt
tendons.

Increased use of the joints amplifies tendon
ossification and osteoarthritis in double-deficient mice

To gain insight into the processes contributing to this
complex phenotype, we devised a simple testable
model. We theorized that the reduced stiffness of the
bgn/fm-deficient tendons could destabilize the knee
joint. This mechanical instability could during joint
movement allow abnormal impact and erosion of car-
tilage. At some time during this destructive phase, the
animal responds to the purely mechanical defects by
inducing ectopic bone formation. We tested whether
the use of the leg joints contributed to the disease
progression. If our theory was correct, increased use of
the joints should amplify the phenotype of the bgn/
fm-deficient mice. We subjected wt and double mutant

TABLE 1. Mean, median, and range of collagen fibril diameters
in quadriceps tendons at 3 months

Bgn Fm Bgn/fm
Wt deficient deficient deficient
Mean 150 105% 95 90%4
Median 166 105 79 80
Range 30-261 35-199 32-245 24-223

* P < 0.05 vs. wt, * P < 0.05 vs. bgn-deficient mice.
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males to moderate daily running for a month, after
which we compared them with mice that were not
forced to run. We started the running at 1 month when
the articular cartilage was still intact in the mutants. We
assessed ectopic ossification with the same scoring
system described above (Fig. 2) and assessed osteoar-
thritis with a semiquantitative scoring system based on
histology (see Material and Methods). As predicted,
daily running increased ectopic ossification and re-
sulted in more severe osteoarthritis in the double
mutants (total scores of 23 and 13 for ectopic ossifica-
tion in the forced and nonforced runners, respectively,
and total scores of 26 and 14 for osteoarthritis in the
forced and nonforced runners, respectively; P<0.05 in
both cases). In contrast, forced running of wt mice did
not increase the scores for either ectopic ossification or
osteoarthritis (all total absolute scores equaled to 0).

DISCUSSION

Absence of bgn and fm in the mouse leads successively
and progressively to 1) gait impairment, 2) ectopic
tendon ossification, and 3) severe premature osteoar-
thritis. This first report of ectopic ossification and
osteoarthritis in SLRP-deficient mice enlarges the list of
defects and affected tissues in these mice. It demon-
strates that bgn and fm are involved, directly or indi-
rectly, in the assembly of normal tendons, in the
maintenance of articular cartilage, and in the control of
bone growth during aging.

The different components of the phenotype of the
mutants can all be explained by a collagen defect in
tendons (Fig. 5). The absence of bgn and fm hinders
collagen assembly and results in an excessive number of
very small collagen fibrils in tendons that decreases the
tendon stiffness. As a result, tendons are unable to hold
bones in their normal alignment. This leads to sublux-
ation, and possibly to reversible dislocation of the
joints, resulting in decreased joint flexibility and gait
impairment. The joint subluxations in turn probably
create abnormal mechanical forces within the tendons
that may trigger their ectopic ossification. Indeed, the
development of fibrocartilage in tendons, the first step
in forming sesamoid bones, is known to be a direct
response to altered mechanical loading forces (17)
whereas the elimination of compressive forces has been
shown in vivo to result in rapid depletion of fibrocarti-
lage (18). The observation of well-developed sesamoid
bones in young double mutants suggests that the ab-
sence of bgn and fm accelerates the transformation of
fibrocartilage into sesamoid bone. It would be interest-
ing to determine whether the levels of expression of
bgn and fm are decreased in the patellar tendons of
patients affected by the double patella syndrome (19).
Mechanically, sesamoid bones help to protect the ten-
don from damage and in some cases increase the
efficiency of the associated muscle (17). Since ossified
tendons will have increased stiffness, ossification can be
seen as a localized attempt to compensate for the
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Figure 5. A mechanistic model depicting how the absence of
bgn and fm leads to gait impairment, ectopic ossification of
the tendons, and premature osteoarthritis.

original decreased stiffness of the tendons. Besides
leading to tendon ossification, joint subluxations result
in abnormal contact and impact between the articular
cartilage surfaces of the bones. While walking and/or
running, the abnormal repetitive impacts between mis-
aligned bones would damage the articular cartilage
surfaces and lead to the severe premature osteoarthritis
observed. This mechanistic model is supported by the
experiment showing that forced joint use increases
ectopic ossification and osteoarthritis in the double
mutants. In accordance with our observations, osteoar-
thritis has also been attributed to collagen metabolism
abnormalities and mechanical tendon weaknesses in
the STR/ORT mouse, another mouse model for spon-
taneous osteoarthritis (20, 21). However, we cannot
exclude the possibility that ectopic ossification and
osteoarthritis could result primarily from the involve-
ment of bgn and/or fm in bone formation. Both
proteoglycans bind transforming growth factor 3 (4)
and bgn is a positive regulator of bone formation that
controls peak bone mass (14).

This simple model in which structurally weak ten-
dons can lead to tendon ossification and osteoarthritis
has several interesting and perhaps medical implica-
tions. There is strong circumstantial evidence that
spontaneous osteoarthritis in humans, like osteoarthri-
tis in bgn- and fm-deficient mice, is associated with
tendon weaknesses and the presence of sesamoid
bones. A recent study of 41 patients treated for primary
osteoarthritis with no history of ligament injury showed
that, at total knee replacement, 20 had missing anterior
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cruciate ligaments and a another 10 had ligament
damage (22). In addition, the high prevalence of
osteoarthritis in former soccer players and American
football players’ knees has been attributed to the high
incidence of meniscectomy and cruciate ligament inju-
ries (23). The correlation between obesity and osteoar-
thritis of the knee (23) could also be explained by the
reduced capacity of normal tendons to keep the bones
normally aligned in the presence of increased weight.
Thus, whether caused by genetic defects, increased
weight, or injuries, weakened tendons can lead to
premature osteoarthritis and possibly to ectopic tendon
ossification. Indeed, the presence of a fabella (a sesa-
moid bone that sometimes develops in the gastrocne-
mius tendon of the knee) has been linked to primary
osteoarthritis in human knees (24).

Osteoarthritis in bgn and fm mutants shows a striking
similarity to human osteoarthritis. The progressive de-
generation of the articular cartilage from early fibrilla-
tion to complete erosion, an absence of inflammation,
the subchondral sclerosis, and development of osteo-
phytes and cysts are all hallmarks of human osteoarthri-
tis. These similarities suggest that the disease may
follow a similar common pathogenetic pathway in both
species. Thus, even if the etiology of the disease in these
mutants differs from humans, these mice nonetheless
constitute valuable models for unraveling the common
molecular pathways underlying this disease.

Recent interest in developing treatments for osteoar-
thritis has become a major focal point in academia and
pharmaceutical arenas. Therapy for osteoarthritis has
been largely palliative, focusing on alleviation of symp-
toms. There is therefore a critical need to develop new
treatments aimed at slowing down the degenerative
process of the disease. Several murine models for
osteoarthritis (harboring diverse mutations in collagen
types 1I, IX, and XI) have already been genetically
engineered (25-30) and could be used to evaluate new
therapeutic agents. However, the bgn/fm double-defi-
cient mouse offers three major advantages for this
purpose: osteoarthritis starts very early (between 1 and
2 months), its progression is rapid (complete erosion of
the articular cartilage between 3 and 6 months), and
the disease process can be accelerated by moderate
levels of forced treadmill running. Compared with
other natural or transgenic models of osteoarthritis,
this mouse presents an earlier and faster progression of
the disease, making it a model of choice for rapid
advances in osteoarthritis research. In parallel or alter-
natively, a more slowly evolving osteoarthritis with
comparable etiology can be investigated in the biglycan
or fibromodulin single deficient mouse. The wide
variety in rate of progression of osteoarthritis in the
SLRP-deficient mice is currently unmatched by any
other animal model, making these mice important new
tools with which to investigate the molecular mecha-
nisms underlying osteoarthritis.
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